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Abstact
Recently, autonomous rovers are used for lunar and planetary exploration. It is
necessary that the rovers determine their routes and localize their positions au-
tonomously. In the environment of celestial surface, visual images taken by optical
cameras are used for localization, because localizing with only dead reckoning such
as IMU (Inertial Measurement Unit) or WO (Wheel Odometry) induces error ac-
cumulation.
Skyline algorithm is one of methods for localizing with panoramic images. In
this method, extracted real skyline is compared with known digital elevation model
to decide position. The accuracy of localization with skyline algorithm depends on
the difference of the skyline between two points where localization is executed.
In order to make navigation and localization with skyline algorithm easier, this
paper proposes novel path planning method considering localization accuracy. In
this method, dijkstra algorithm is used for optimization, and a new index evaluating
the difference of the skyline is introduced for cost function of path planning.
To confirm the effect of the proposed method, a simulation was conducted in
a virtual terrain firstly. The virtual terrain was made by crater model and the
function used in perlin noise. The simulation is consisted by two steps. Firstly,
two paths are planned by the conventional method and the proposed method on the
terrain. Secondly, simulator makes virtual rover follow each paths with localization
by skyline algorithm, and localization error is calculated.
The simulation was also conducted in the DEM (Digital Elevation Model) of the
Mars and Moon. The results of these simulation showed that the path planned by
the proposed method decreases the error of localization conducted in the process
of following the path.
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? 1.3: The result path on the simple map. Yellow area represents feature-rich terrain while
blue area represents featureless terrain[13].
? 1.4: The red lines represent the viewing directions of mast cameras. In (a), the mast angles
and timing are predefined. In (b), the optimal viewing angles and timing are computed based
on the VOSAP(proposed) algorithm[14].
?????????????????????????????WO? IMU???????
??????????????????????????????????????????
????????? [16]??????????????????Visual Odometry?VO?[17]
?? 1.5???????????????? [18]?? 1.6??Visual Simultaneous Localization and
Mapping?V-SLAM?[19]???????? [20]???????????? [21][22]?? 1.7??
?????????????? VO?MER???MSL??????????MSL????
??????? [23][18]?
13
? 1 ? ?? 1.3????????????????????
?????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????? 10m?????????????????????????
1000m???????????? [22][24]???????????????????????
??????????????????????????????????????????
???????????
? 1.5: Feature points used for VO by MER Spirit[17].
? 1.6: Trajectory of the Curiosity using feature matching[18].
14
? 1 ? ?? 1.4??????
? 1.7: The system of VIPER[22].
1.4 ??????
?????????????????????????????????????????
??????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
???????????????????????????????? VO????? Local
planning??????????????????????????????????????
???????????????
?????????????????????????????????????????
??????????????????????????????????????????
????????????????????????????????????????Global
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
????????????????????
1.5 ??????
? 2???????????????????????????????????????
??????????????????????????????????????????
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? 1 ? ?? 1.5??????
???
? 3???????????????????????????????????????
?????????????????????????
? 4???????????????????????? 3??????????????
??????????????????????????????????????????
????????????????????????
? 5 ????? 4 ????????????????????????????????
?????????????????????????????
? 6?????????????????????
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? 2 ? ???????????
? 2?
???????????
?????????????????????????????????????????
?????????????????
2.1 ??????????????
????????????????????????????????????????
Cozman?????????? VIPER[21][22]?????????????????????
??????????????????????????????????????????
? Digital Elevation Model?DEM???????????????????
?????????????????????????????DEM??????????
???? [25]????????????????? VIPER???????? [26]??????
???????DEM?????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
?????????????????????????????????
2.2 ????????????????????????
2.2.1 ???????????
??????????????????????????? φ?????????????
mφ ?????????????????????????????????????????
1◦?????? φ = (0, ..., 359)[◦]??????????360???????m = (m0, ...,m359)
?????????????????????????????????????
?????????????????????????????????????????
????????????????????????????2??????????????
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? 2 ? ??????????? 2.2????????????????????????
??????? 2.1??????????????????????????????????
??????????????????????????????????????????
???????
z0 − v(φ)
µ
(2.1)
????z0 ?????????????? 0????v(φ)???? φ???????????
???????????µ??????? [rad/pixel]????
? 2.1: Example of skyline extraction.
2.2.2 ??????????????????
DEM??? 2.2??????????????????????????????????
??????????????????????????????????????
DEM?????????p = (x, y)???????? z(p)?????????? 2.3???
??p????????? φj ??? δp??M ??????????????????k??
??????????
aj,k = z
(
p+ k
(
cos(φj) + α
sin(φj) + α
)
δp
)
− d(kδp) (2.2)
???????????????α?????????????????d(kδp)?????
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? 2 ? ??????????? 2.2????????????????????????
??????????????? r?????
d(kδp) = r −
√
r2 − (kδp)2 (2.3)
??????????????? k??????????????????
ej,k = arctan
(
aj,k − (aj,0 + h)
kδp
)
(2.4)
?????????h??????????????????????????Mars Exploration
Rover Spirit??????? [27]???? 1.5m????
????????????? φj ????????????????????? D ????
???? ej,k ??????? sj ????D???????????????????????
????????????sj ??????k?M = D/δp???????????? ej,k ??
?????????? φj ? 0? ?? 359? ?? 1? ?????????????????
s(p) = (s0, s1, · · · , s359) (2.5)
????? p = (x, y)?????DEM?????????????????????????
???? s(p)?????????????
???????????????????????????????????? 2.1????
????????????????? 4??? 5?????????
? 2.2: Example of DEM[8].
2.2.3 ??????????????????
?????????????????????????????????????????
????????????????????
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? 2 ? ??????????? 2.2????????????????????????
? 2.3: The algorithm of rendering skyline.
???????? s(p) = (s0, ..., s359) ????????? m = (m0, ...,m359) ?????
???
e2(p) =
∑
j
(mj − sj(p, α))T(mj − sj(p, α)) (2.6)
????????????? p∗ ??
(p∗, α∗) = arg min
p,α
e2(p, α) (2.7)
???????
??????????????,???????????????????????????
?????????????? IMU?VO???????????????????????
???????α?????????????????4?????????????????
???????????????????????????????????????????
20
? 2 ? ??????????? 2.3????????????????
? 2.1: Standard deviations of noises for simulated skylines
Parameter Value on Mars Value on Moon Description
δp 5 [m] 10 [m] interpolation step
r 3396000 [m] 1738000 [m] radius of star
D 3192 [m] 2283 [m] distance to horizon
M D / δp number of step
h 1.5 [m] height of the camera on the rover
2.3 ????????????????
?????????????????MER Spirit ??? Oppoutunity ????????
???????????????????????????????High Resolution Imaging
Science Experiment?HiRISE????????????? DEM[28]????? 2??MER?
?????????? [29]???? 2????????????? 2.4???? p??? α ?
??????????51m? 1◦?27m? 5◦ ??????????????????????
DEM????? 4m??????? 1m????
???????????? 2.4???????????????????????????
??????????????????????????????????????????
??????????????????
???????????????????????????????? [30]???0.5m?
?????? DEM??????? 6m?????????????????????????
????????????????????????????????? DEM???????
????????0.5m?????? DEM???????????????????????
????5m?5m??? DEM?????????????? 20m?111m????????
??????????????????????????????????????? DEM
??????????????????????????????????
?????????????????????????????????????????
? [25]??????? 13m ? 24m? DEM??????????????????????
?????????? 61.8m?????????????????????????????
??????????????????????????????????????????
????????????????????????
????????? LIDAR ??????? 3 ???????????????????
DEM ???????????????????Multi-frame Odometry-compensated Global
Alignment?MOGA?[31] ??????????????????????13m ?????
40m?????????????? VIPER??????????????????????
???????????????????? LIDAR??????????????????
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? 2 ? ??????????? 2.3????????????????
??????????????????????????????????????????
??????? 100m????????????????????????????????
????????????????????????????????????????
? 2.4: Localization simulation done in previous work.
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? 3 ? ???????????????
? 3?
???????????????
?????????????????????????????????????????
?????????????????????????????????
3.1 ?????????????
?????????????????????????????????????????
??????????????????????????????????????????
??????????????????m????m??????????????? km?
??????????????????????????????????????????
??????????
?????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
????????????
3.2 ?????????????
????????????????????????????????DEM???????
??????????????????????????????????????????
??????????????????????????????????????????
e2 ??????????????
e2(p) =
∑
j
(mj − sj(p))T(mj − sj(p)) (3.1)
??????????????????????????????????????? e2 ?
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? 3 ? ??????????????? 3.3?????
?????????????????????????????
??????????????????????????????? s(p)????????
????????????????p??????? sj(p)????????????????
??????????????????????????? p????? e2 ????????
???????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
????????????????????????????????
?????????????????????????????????????????
???? D?????????????????????????????????????
???????????? 3.1?????????????????????????????
?? 3.1?????? p? p′ ????????D?????????p? p′ ?????????
?????????????
D =
359∑
j=0
(
sj(p)− s′j(p′)
)2
(3.2)
? 3.1: Difference of skylines.
3.3 ?????
???????????????????????? [32]?????
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? 3 ? ??????????????? 3.4?????????
????????????????????? Rapidly exploring Random Tree?RRT???
???? [33][34]????????????????? [7]????????????????
? Digital Elevation Model??????????????????????????????
??????????????????????????????????????????
???????????????????????????????? 1?????????
????????
?????????????????????????????????????????
??????????????????????????????????????????
????????????????????????????????????? [32][35]?
?????????????????????????????? A*?????? [36]??
??????????? D*?????? [37]??????????A*??????????
??????????????????????????????????????????
??????????????????????????????D*???????????
??????????????????????????????????????????
???????????????????????? A*?????????????????
??????????????????????????????????????????
????????????????????????????????????
???????????? 3.2???????????? (A)???????? (B, C, D)
??????????????????????? (B)?????A?? B????????
??????????????? B???????? (C, E)??????? A??????
?????? (C)???????????????A? B? B? C??????? A? C?
??????????? A?? C???????????????????????????
??????????????????????????????????????????
?????????????????????????
??????????????DEM??????????????DEM????????
????????????? DEM???????????????????????????
????????????????????????????????????? 3.3????
??????????????????????????????????????????
????????????????
3.4 ?????????
?????????????????????????????????????????
????????????????????????????????
?????????????????????????????????????????
???????
25
? 3 ? ??????????????? 3.4?????????
? 3.2: Dijkstra algorithm.
? 3.3: Making graph based on DEM.
?????? ni?nj ???? Lij ??
Lij = |ni − nj |
=
√
(xi − xj)2 + (yi − yj)2 + (zi − zj)2 (3.3)
??????
???????????????????? αij ??
αij = arctan
(
zj − zi√
(xi − xj)2 + (yi − yj)2
)
(3.4)
??????
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? 3 ? ??????????????? 3.5?????????
????????????????? C(ni, nj)????????????
Ccon(ni, nj) =WL
Lij
NL
+Wα
αij
Nα
(3.5)
????WL, Wα ????? Lij , αij ???????NL, Nα ???????????????
???????????????????????? 15◦ ???αij ??????????Wα
????????????????????????WL, Wα ????? 0.5????NL ?
???????????????DEM????? √2????Nα ????????????
??? 15◦ ??????????????????????
Ccon(path) =
∑
path
Ccon(ni, nj)
=
∑
path
(
WL
Lij
NL
+Wα
αij
Nα
)
(3.6)
????
3.5 ?????????
3.2.???????????????????????????????????????
???????????????? D?????????????????????????
??????????????????????????????????????????
??????????????? Dij ??????
????????????? 2????? ni?nj ???????????????????
???
Dij =
359∑
k=0
(sik(xi, yi)− sjk(xj , yj))2 (3.7)
??????????????????????????????
Cpro(ni, nj) =WL
Lij
NL
+Wα
αij
Nα
+WD
1
Dij
Lij
Nij
ND
(3.8)
?? Lij ?????? αij ????????????????????????? Dij ???
???????????(Dij)−1 ???????????????Dij ? Lij ???????
?????????????????????????????Lij ????????????
???????????????? DEM???????????????????????
Lij
Nij
=
{
1 (pix = pjx ∪ piy = pjy )√
2 (otherwise)
(3.9)
????
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? 3 ? ??????????????? 3.5?????????
??????????WD ?Dij ????ND ?????????????????????
???????
Cpro(path) =
∑
path
Cpro(ni, nj)
=
∑
path
WLLijNL +WααijNα +WD
1
Dij
Lij
Nij
ND
 (3.10)
?????????????????????????????????????????
WL = 0.1, Wα = 0.1?WD = 0.8??????????? ND ??????????????
????????????????????????????????????????
ND = (ϵ× 2)2 × 360 (3.11)
ϵ?????????????????????????????????????????
??????????????????????????????????????????
????????????????? Dij ???????????????????????
??????????ND ??????????ND ?????????W ????????
??????????????????????????????????????????
??????
?????????????????????????????ND = 0.5????
?????????????????????? DEM????????????????
????????????????????????????????????????
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? 4 ? ????????????????
? 4?
????????????????
?????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
???????
4.1 ???????
?????????????????????????????????????????
????????????????
4.1.1 ????
???????????????????????????? [38]??????? r1 ??
????????????? r???? h(r)??????????????????????
?????? 4.1????
??????????????????????????????????????? 0?
?????????????????????
????0 ≤ r < r0?
h(r)
r1
=
h0
r1
(
r
r1
r1
r0
)α
− h0
r1
???r0 ≤ r < r2?
h(r)
r1
= a1
(
r
r1
− 1
)3
+ a2
(
r
r1
− 1
)2
+
h1
r1
????r2 ≤ r?
h(r)
r1
=
h1
r1
(
r
r1
− a3
)β
(4.1)
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? 4 ? ???????????????? 4.1???????
? 4.1: Constants of the model of shape of craters
r0 0.844r1 Radius of recess
r2 1.054r1 Radius to edge
h0 0.367r1 Depth of crater
h1 0.038r1 Height of edge
a1 3.13
a2 -1.09
a3 0.0255
α 1.31
β 2.6
4.1.2 ??
??????????CG ????????????????????????????
[39][40]????????????????????????? 0?????????????
??????????????????????????????????????????
??????????????????????????????????? [40]?????
??????
C(t) = 1− (6|t5| − 15t4 + 10|t3) (4.2)
?????????? 4.1??????????? 0???????????????????
????????????
? 4.1: Fifth order function used in Perlin noise.
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? 4 ? ???????????????? 4.2????????????
4.1.3 ????????
????????????????????? 400m????? 1???? 200m?? 3?
?????????? 4.2???????????? 10m/pixel?????????????
????????????????????????????????????
? 4.2: Virtual terrain.
4.2 ????????????
?????????????????????????????????????????
??? 2?????? 4.3????
???????????? 1899m???????? 2592m??????????????
??????????????????????????????????????????
??????
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? 4 ? ???????????????? 4.3????????????
? 4.3: 2 paths on virtual terrain.
4.3 ????????????
4.3.1 ?????????????
? 3???????????????????????????????????DEM??
??????????????????????????????????????????
???????????????????????????????????????????
??????????????????????????????????????????
????????????????
????????????????????? DEM?????????????????
?????????????????????
• ???
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? 4 ? ???????????????? 4.3????????????
• ??????????
• ???????
??????????????????????????????????????????
????????????????????????????????????????? 2
??????????????????????????????????????????
??????????? 4.2??????????????????????????????
??? 4.4????????????? DEM?????
? 4.2: Standard deviations of noises for simulated skylines.
Type of noise σ
Azimuth angle 10 [◦]
Resolution of pictures 0.01 [rad]
Other environment 0.5 [◦]
? 4.4: Simulated real skyline.
4.3.2 ????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????? 4.3 ????? 4.2 ???? 4.3 ????
??????????????????????????????????????????
???????????????????????? [41]????????????????
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? 4 ? ???????????????? 4.3????????????
???????????????????? [26]???????
?? 1???????????????????????????????????????
??????????????????????????????????????????
???????????????????????????????????????????
????????????????? 4.5????
? 4.5: Outline of the simulation.
? 4.3: Standard deviations of noises for moving of rover
Type of noise σ
Azimuth angle 10 [◦]
Distance 0.3(30%)
?????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????? 4.6??
???????????????????????? 10,000??????????????
??????????????????????????????????????????
??????????????????? 30m?????????????????????
?????????????????????????
??????????????????? 2?????????
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? 4 ? ???????????????? 4.3????????????
? 4.6: Localization Error and Following Error.
• ?? 1 : ??????
???????? 10??????????????????????????????
??????????????????????????
• ?? 2 : ?????
?????? 200m??????????????????????????????
???????
??????????????????????????????????????????
??????????????????????? 1??????????????? 60m?
??????????????????????? 2?????????????? 10???
????????????????
?????????????????????????????
4.3.3 ??????????
?? 1 : ??????
????????????????????????????????????? 4.7??
??????????????????????????????????????????
????????????????????????????????? 4.3???????
???????? 3??????????????????????????????? 4.8
????????????????????????????????
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? 4 ? ???????????????? 4.3????????????
? 4.7: Mean of error of the localization on the virtual terrain (condition 1).
? 4.8: Variance of error of the localization on the virtual terrain (condition 1).
???? 4.9????????????????????????????????????
3?8???????????????? 4.10?? 4.11??????????????????
??????????????????????????????????????????
????????????????????????????????????????? 10
?20%???????????????????????????????????????
????????????
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? 4 ? ???????????????? 4.3????????????
? 4.10?? 4.11????????????? 95%???????????????????
????????? 95%???????????????????????????????
??????????????????????????????????????????
????????????????????????
? 4.9: Goal reach rate on the virtual terrain (condition 1).
? 4.10: Reached position on the conventional path on the virtual terrain (condition 1).
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? 4 ? ???????????????? 4.3????????????
? 4.11: Reached position on the proposed path on the virtual terrain (condition 1).
????? 4.12?? 4.13??????????????????????????????
??????????? 3??????????????????????????????
????????????????????????????
? 4.12??????????????????????????????????????
??????????? 5?6????????????????????? 4.7?? 4.9???
??????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
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? 4 ? ???????????????? 4.3????????????
? 4.12: Sum of the difference of skyline in paths on the virtual terrain (condition 1).
? 4.13: Sum of the difference of skyline in trajectories on the virtual terrain (condition 1).
39
? 4 ? ???????????????? 4.3????????????
?????????????????????????????????????????
?????????????????????????????????????
? 4.14?? 4.15??????????????????????????????????
???? 4.16?? 4.17????????????????????????
??????????? 3?7????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
?????????????????????
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? 4 ? ???????????????? 4.3????????????
? 4.14: Skylines from the conventional path on the virtual terrain (condition 1) (segment 1-5).
41
? 4 ? ???????????????? 4.3????????????
? 4.15: Skylines from the conventional path on the virtual terrain (condition 1) (segment
6-10).
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? 4 ? ???????????????? 4.3????????????
? 4.16: Skylines from the Proposed path on the virtual terrain (condition 1) (segment 1-5).
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? 4 ? ???????????????? 4.3????????????
? 4.17: Skylines from the Proposed path on the virtual terrain (condition 1) (segment 6-10).
44
? 4 ? ???????????????? 4.3????????????
?? 2 : ?????
??????????? 200m???????????????????????????
??????????????????????????????
? 4.18?4.19???????????????????????????????????
??????????????????????????????????????????
?????????????? 2000m??????????? 41.5%???? 67.2%????
??????????????????????????????????????????
???????????????????????????????????
? 4.18: Mean of error of the localization on the virtual terrain (condition 2).
????????????????? 4.20 ?????????????????????
?????? 40% ?????????????????????????????????
????????????? 1400m????? 90%??????????????????
?????????????????? 21.2%???????????????? 26.9%??
27%????????????????????????????????????????
??????????????????????????????????????????
???????????????
???? 4.21?4.22????????????????????????????????
??????????????????????????????
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? 4 ? ???????????????? 4.3????????????
? 4.19: Variance of error of the localization on the virtual terrain (condition 2).
? 4.20: Goal reach rate on the virtual terrain (condition 2).
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? 4 ? ???????????????? 4.3????????????
? 4.21: Reached position on the conventional path on the virtual terrain (condition 2).
? 4.22: Reached position on the proposed path on the virtual terrain (condition 2).
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? 4 ? ???????????????? 4.3????????????
? 4.23?4.24???????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
???????????????????????????? 1000m???????????
?????????????????????????????? 4.21??????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
?????????? 4.22??????????????????????????????
????????????????????
? 4.23: Sum of the difference of skyline in paths on the virtual terrain (condition 2).
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? 4 ? ???????????????? 4.3????????????
? 4.24: Sum of the difference of skyline in trajectories on the virtual terrain (condition 2).
? 4.25?4.29?????????????????????????????????? 1
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????
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? 4 ? ???????????????? 4.3????????????
? 4.25: Skylines from the conventional path on the virtual terrain (condition 2) (segment 1-5).
50
? 4 ? ???????????????? 4.3????????????
? 4.26: Skylines from the conventional path on the virtual terrain (condition 2) (segment
6-10).
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? 4 ? ???????????????? 4.3????????????
? 4.27: Skylines from the Proposed path on the virtual terrain (condition 2) (segment 1-5).
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? 4 ? ???????????????? 4.3????????????
? 4.28: Skylines from the Proposed path on the virtual terrain (condition 2) (segment 6-10).
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? 4 ? ???????????????? 4.3????????????
? 4.29: Skylines from the Proposed path on the virtual terrain (condition 2) (segment 11-13).
54
? 5 ? ?????????????????
? 5?
?????????????????
?????????????????????????????????????????
??????????????????????????????????????????
???????????????????????
5.1 ??? 1 : ???????????
5.1.1 ????????
?????DEM???????Mars Reconnaissance Orbiter??????High Resolution
Imaging Science Experiment?HiRISE?????????????????????????
???? [28]???? 1???Mars Exploration Rover Spirit ??????????????
????????? DEM???? 1.01m/pixel????????????????????
?????5.05m/pixel???????????
???????????????? 5.1???????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
???????????
5.1.2 ????????????
?????????????????????????????????????????
???????? 5.2????
???????????? 1132m???????? 2344m??????????????
??????????????????????????????????????????
??????????????????????????
????????????????????? 2???????????????????
???????????????????????????????
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? 5 ? ????????????????? 5.1??? 1 : ???????????
? 5.1: Gusev crater near Columbia hills on the Mars (case 1).
? 5.2: 2 paths on the Mars surface (case 1).
56
? 5 ? ????????????????? 5.1??? 1 : ???????????
5.1.3 ????????????
?? 1 : ??????
4.1.?4.2.?????????????????????????????????????
??????? 2???????? 4????????????????????
??????????????????????????????????? 5.3?? 5.4?
???????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
???????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
?????????????????????????? 20m?30m???????????
??????????????????????????????????????
? 5.3: Mean of error of the localization on the Mars surface (case 1, condition 1).
57
? 5 ? ????????????????? 5.1??? 1 : ???????????
? 5.4: Variance of error of the localization on the Mars surface (case 1, condition 1).
???? 5.5??????????????????????????? 4????????
???????????????????????????????? 5.6?? 5.7?????
????????????????????????????????????????? 5.6?
??????????????????????????????????????????
??? 5.7??????????????????????????????????????
??????????????????????????????????????????
?????
? 5.5: Goal reach rate on the Mars surface (case 1, condition 1).
58
? 5 ? ????????????????? 5.1??? 1 : ???????????
? 5.6: Reached position on the conventional path on the Mars surface (case 1, condition 1).
? 5.7: Reached position on the proposed path on the Mars surface (case 1, condition 1).
???? 5.8?? 5.9????????????????????????????????
??????????????????????????????????????????
????????????????
59
? 5 ? ????????????????? 5.1??? 1 : ???????????
? 5.8: Sum of the difference of skyline in paths on the Mars surface (case 1, condition 1).
? 5.9: Sum of the difference of skyline in trajectories on the Mars surface (case 1, condition
1).
60
? 5 ? ????????????????? 5.1??? 1 : ???????????
?????????????????????????????????????????
???
? 5.10?? 5.11??????? 5.12?? 5.13?????????????????????
????????????????????? 2?3???????????????????
???????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
???
61
? 5 ? ????????????????? 5.1??? 1 : ???????????
? 5.10: Skylines from the conventional path on the Mars surface (case 1, condition 1) (segment
1-5).
62
? 5 ? ????????????????? 5.1??? 1 : ???????????
? 5.11: Skylines from the conventional path on the Mars surface (case 1, condition 1) (segment
6-10).
63
? 5 ? ????????????????? 5.1??? 1 : ???????????
? 5.12: Skylines from the Proposed path on the Mars surface (case 1, condition 1) (segment
1-5).
64
? 5 ? ????????????????? 5.1??? 1 : ???????????
? 5.13: Skylines from the Proposed path on the Mars surface (case 1, condition 1) (segment
6-10).
65
? 5 ? ????????????????? 5.1??? 1 : ???????????
?? 2 : ?????
??? 200m????????????????????????????????
????????????????? 5.14?? 5.15?????????????? 47%?
??????????????????????????????????????????
????? 1????????????????????????????????????
5.15?????????????????????????????????????????
???????? 1200m???????????????????????????????
???????????????????????????????
? 5.14: Mean of error of the localization on the Mars surface (case 1, condition 2).
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? 5 ? ????????????????? 5.1??? 1 : ???????????
? 5.15: Variance of error of the localization on the Mars surface (case 1, condition 2).
? 5.16 ?????????????????????????????????????
1200m???????????????????????????????????????
??? 27.3%???????
? 5.17?5.18???????????????? 95%?????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
?????????????????????????????????????????
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? 5 ? ????????????????? 5.1??? 1 : ???????????
? 5.16: Goal reach rate on the Mars surface (case 1, condition 2).
? 5.17: Reached position on the conventional path on the Mars surface (case 1, condition 2).
68
? 5 ? ????????????????? 5.1??? 1 : ???????????
? 5.18: Reached position on the proposed path on the Mars surface (case 1, condition 2).
? 5.19?? 5.20??????????????????????????????????
??????????????????????????????????????????
???????????????????????????????????? 1600m???
??????????????????????????????????????????
????????????? 5.14?5.16??
? 5.21?5.25?????????????????????????????????? 1
??????????????????????????????????????????
???????? 9?1800m?????? 11?2200m??????????????????
????????????????????????????????????
69
? 5 ? ????????????????? 5.1??? 1 : ???????????
? 5.19: Sum of the difference of skyline in paths on the Mars surface (case 1, condition 2).
? 5.20: Sum of the difference of skyline in trajectories on the Mars surface (case 1, condition
2).
70
? 5 ? ????????????????? 5.1??? 1 : ???????????
? 5.21: Skylines from the conventional path on the Mars surface (case 1, condition 2) (segment
1-5).
71
? 5 ? ????????????????? 5.1??? 1 : ???????????
? 5.22: Skylines from the conventional path on the Mars surface (case 1, condition 2) (segment
6).
72
? 5 ? ????????????????? 5.1??? 1 : ???????????
? 5.23: Skylines from the Proposed path on the Mars surface (case 1, condition 2) (segment
1-5).
73
? 5 ? ????????????????? 5.1??? 1 : ???????????
? 5.24: Skylines from the Proposed path on the Mars surface (case 1, condition 2) (segment
6-10).
74
? 5 ? ????????????????? 5.1??? 1 : ???????????
? 5.25: Skylines from the Proposed path on the Mars surface (case 1, condition 2) (segment
11-12).
75
? 5 ? ????????????????? 5.2??? 2 : ????????
5.2 ??? 2 : ????????
5.2.1 ????????
???? DEM ???????Lunar Reconnaissance Orbiter ? Lunar Orbiter Laser Al-
timeter (LOLA) ????????????????????? [42]????????????
???? DEM????????????????????????????????? DEM
???????? 10m/pixel??????????
???????????????? 5.26???????????????????????
?????????????????????????2 km?????????????m?
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????
? 5.26: South pole region of the Moon (case 2).
5.2.2 ????????????
????????????????????? 5.27????????
???????????? 1456m???????? 2574m???????????????
?????????????????????????? S????????????????
?????????????????2?????????????????????????
???????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
76
? 5 ? ????????????????? 5.2??? 2 : ????????
??????????????????????????????????????????
??????????????????????????????????????????
???
??????????????????????????????????? 1?????
??????????????????????????????????????????
????????
? 5.27: 2 paths on the Moon surface (case 2).
5.2.3 ????????????
?? 1 : ??????
?????????????????????????????????????????
????????????????????????
??????????????????????????????????? 5.28?? 5.29
77
? 5 ? ????????????????? 5.2??? 2 : ????????
??????????????????????????????????????????
??????????????????????????????????????????
???? 2?????????????????????????????????????
??????????????????????????????????????????
?????????????????????????????? 80m???????? 40m
???????????????? 30m?? DEM???????????????????
??????????? 8?????????? 8????????????? 3?????
??????????????????????????????????????????
????????????????????????????????????? 7?????
????? 6??????????????????????? 0?2???????????
??????????????????????????????????????????
??????????????????????????????????????????
?????????????????????????????
? 5.28: Mean of error of the localization on the Moon surface (case 2, condition 1).
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? 5 ? ????????????????? 5.2??? 2 : ????????
? 5.29: Variance of error of the localization on the Moon surface (case 2, condition 1).
? 5.30??????????????????????????????????????
???????????????????????????????????????????
????????????????? 6? 7???????????????????? 6?
?????????????????? 7???????????????????????
????????????????????????????? 5.31?? 5.32???????
?????????????????????????????????? 6???????
??????????????????????????????????????????
??????????????????????????????? 7??????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
????????????????????????????????
? 5.31?? 5.32? 95%?????????????????????? 7???????
??????????????????????????????????????????
??????????????????????????????????????????
?????????????????
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? 5 ? ????????????????? 5.2??? 2 : ????????
? 5.30: Goal reach rate on the Moon surface (case 2, condition 1).
? 5.31: Reached position on the conventional path on the Moon surface (case 2, condition 1).
80
? 5 ? ????????????????? 5.2??? 2 : ????????
? 5.32: Reached position on the proposed path on the Moon surface (case 2, condition 1).
?????? 7??????????????? 5.33?? 5.34?????????????
????????????????????????????????????? 7????
???????????????????????????????????? 5.32 ???
???? 7????????????????????????????????????? 7
??????????????????????????????????????????
??????????????????????????????????????????
??????? 5.33?? 5.34????????? 6?7?8?10??????????????
???????????????????????????????????????????
????? 5.32???????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
????????????????
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? 5 ? ????????????????? 5.2??? 2 : ????????
? 5.33: Sum of the difference of skyline in paths on the Moon surface (case 2, condition 1).
? 5.34: Sum of the difference of skyline in trajectories on the Moon surface (case 2, condition
1).
82
? 5 ? ????????????????? 5.2??? 2 : ????????
????? 5.35?? 5.36??????? 5.37?? 5.38?????????????????
??????????????????????????????????????????
??????????????????????? 2?6????????????????? 0
? ?? ??????????????????????????????????????
??????????????????????????????????????????
???????????????? 300? ?? 0? ????????????????????
???????
??????????????? 4?????????????????????????
?????????????????????????????????????? 0???
??????????????????????????????????????????
??????????????????????????????????????????
???????????????????????????????????????????
??????????????????????????????????????????
?????????? 5.39???????????????????????????????
????????????????????????????????
83
? 5 ? ????????????????? 5.2??? 2 : ????????
? 5.35: Skylines from the conventional path on the Moon surface (case 2, condition 1) (segment
1-5).
84
? 5 ? ????????????????? 5.2??? 2 : ????????
? 5.36: Skylines from the conventional path on the Moon surface (case 2, condition 1) (segment
6-10).
85
? 5 ? ????????????????? 5.2??? 2 : ????????
? 5.37: Skylines from the Proposed path on the Moon surface (case 2, condition 1) (segment
1-5).
86
? 5 ? ????????????????? 5.2??? 2 : ????????
? 5.38: Skylines from the Proposed path on the Moon surface (case 2, condition 1) (segment
6-10).
87
? 5 ? ????????????????? 5.2??? 2 : ????????
? 5.39: Terrain characteristic of 2 paths on the Moon surface (case 2).
88
? 5 ? ????????????????? 5.2??? 2 : ????????
?? 2 : ?????
??? 200m????????????????????????? 5.40?5.41?????
?? 1??????????????????????? 1???????????????
??????????????????????????????????????????
??? 57.9%???? 60.7%?????
? 5.40: Mean of error of the localization on the Moon surface (case 2, condition 2).
? 5.41: Variance of error of the localization on the Moon surface (case 2, condition 2).
? 5.42??????????????????????????????????????
89
? 5 ? ????????????????? 5.2??? 2 : ????????
??????? 60%?????????????????????????????????
1200m???????????????????????????????????????
???????????????? 80%??????????2?????????????
?????????????????????????????????? 83.0%?????
? 83.1%??????????????????????????????????????
??????????????????????????????????
???? 5.43???? 5.44????? 1???????????????????????
??????????????????????????????????????????
??????????????????????????
? 5.42: Goal reach rate on the Moon surface (case 2, condition 2).
90
? 5 ? ????????????????? 5.2??? 2 : ????????
? 5.43: Reached position on the conventional path on the Moon surface (case 22, condition
2).
? 5.44: Reached position on the proposed path on the Moon surface (case 2, condition 2).
? 5.45?5.46????????????????????????????????? 1?
?????????????????????????????????2200m??????
91
? 5 ? ????????????????? 5.2??? 2 : ????????
???????????????????????????????????????????
??????????????????????????????????????????
???????????????????????????
? 5.45: Sum of the difference of skyline in paths on the Moon surface (case 2, condition 2).
? 5.46: Sum of the difference of skyline in trajectories on the Moon surface (case 2, condition
2).
92
? 5 ? ????????????????? 5.2??? 2 : ????????
?????????????????????? 5.47?? 5.51?????????????
???? 5.49?5.50?5.51???????????? 7?8?11???????????????
??????????????????????????????????????????
????5.40?????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????? 1?????
93
? 5 ? ????????????????? 5.2??? 2 : ????????
? 5.47: Skylines from the conventional path on the Moon surface (case 2, condition 2) (segment
1-5).
94
? 5 ? ????????????????? 5.2??? 2 : ????????
? 5.48: Skylines from the conventional path on the Moon surface (case 2, condition 2) (segment
6-8).
95
? 5 ? ????????????????? 5.2??? 2 : ????????
? 5.49: Skylines from the Proposed path on the Moon surface (case 2, condition 2) (segment
1-5).
96
? 5 ? ????????????????? 5.2??? 2 : ????????
? 5.50: Skylines from the Proposed path on the Moon surface (case 2, condition 2) (segment
6-10).
97
? 5 ? ????????????????? 5.2??? 2 : ????????
? 5.51: Skylines from the Proposed path on the Moon surface (case 2, condition 2) (segment
11-13).
98
? 5 ? ????????????????? 5.3??? 3 : ????????????
5.3 ??? 3 : ????????????
5.3.1 ????????
??? 1?2 ???????????????????????????????????
???????????????????????? 5.52????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????
DEM???????? 1???? HiRISE????????? [28]???????????
??0.98m/pixel?????????? 4.9m/pixel?????????
? 5.52: Crater on northern plains of the Mars (case 3).
5.3.2 ????????????
?????????????????????????????????????????
???? 5.53????????????????????????????????????
?????
???????????? 916m???????? 946m????????????????
??????????????????????????????????????????
??????????????????????????????????????????
???????????????????????????????
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? 5 ? ????????????????? 5.3??? 3 : ????????????
? 5.53: 2 paths on the Mars surface (case 3).
? 5.54?5.57???????????????????????????????????
5.54?5.55????????????? 5.56?5.57?????????????????????
???????????????????????????????????????????
?????????????????????????????????????????
??????????????????????????????????????????
????????????????????????????????????? 1????
??????????????????????????????????????????
???????????????????????????????????? 5.58????
5.1?????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????
100
? 5 ? ????????????????? 5.3??? 3 : ????????????
?????????????????????????????????????????
????????????????????
? 5.58: The difference of skyline per distance in paths on each cases.
? 5.1: The difference of skyline per distance in paths on each cases.
Terrain type Conventional path Proposed path
Virtual 2.1× 10−4 9.0 ×10−3
Case 1 : Mars 3.2× 10−5 2.4× 10−2
Case 2 : Moon 6.2× 10−3 1.1× 10−1
Case 3 : Mars 7.6× 10−4 3.7× 10−3
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? 5 ? ????????????????? 5.3??? 3 : ????????????
? 5.54: Skylines from the conventional path on the Mars surface (case 3, condition 1) (segment
1-5).
102
? 5 ? ????????????????? 5.3??? 3 : ????????????
? 5.55: Skylines from the conventional path on the Mars surface (case 3, condition 1) (segment
6-10).
103
? 5 ? ????????????????? 5.3??? 3 : ????????????
? 5.56: Skylines from the Proposed path on the Mars surface (case 3, condition 1) (segment
1-5).
104
? 5 ? ????????????????? 5.3??? 3 : ????????????
? 5.57: Skylines from the Proposed path on the Mars surface (case 3, condition 1) (segment
6-10).
105
? 6 ? ??
? 6?
??
6.1 ???????
?????????????????????????????????????????
??????????????????????????????????
??????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
?????????????????????????????
?????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
????????????????????????????? DEM ???????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
6.2 ?????
??????????????????????DEM?????????????????
???????????????????DEM?????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????DEM??????????????????
??????????????????????????????????????????
??????????????????????????????????????????
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? 6 ? ?? 6.2?????
??????????????????????????????
?????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
?????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
???????????????????????????????
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